Mammalian oocytes are arrested at the meiotic metaphase II (MII) stage after ovulation. If not fertilized in time, the ovulated oocytes undergo a time-dependent process of aging[@b1][@b2]. *In vitro* culture of mature oocytes also leads to oocyte aging[@b3][@b4][@b5][@b6]. The postovulatory oocyte aging has marked detrimental effects on embryo development[@b5][@b7][@b8][@b9] and offspring[@b10][@b11]. Aged oocytes also result in significant decrease in embryonic development following *in vitro* fertilization, intracytoplasmic sperm injection[@b12] or nuclear transfer[@b13][@b14][@b15]. Thus, studies on mechanisms of oocyte aging are important for both normal and assisted reproduction.

Oocytes that mature both *in vivo* and *in vitro* are enclosed within cumulus cells (CCs), forming the so-called cumulus-oocyte-complexes (COCs). The CCs stay with *in vivo*-matured oocytes for different periods of times after ovulation, depending upon the species[@b1][@b3][@b16][@b17], but the CCs will stay with *in vitro*-matured oocytes until artificially removed. The role of the surrounding CCs in oocyte maturation, ovulation and fertilization has been extensively studied[@b18][@b19][@b20][@b21], yet work on their role in oocyte aging is limited. Although our previous studies indicated that CCs accelerate oocyte aging[@b6][@b22][@b23], the underlying mechanisms are not fully understood. Notably, one of our studies showed that medium conditioned with CCs promoted aging of cumulus-denuded oocyte (DOs) *in vitro* but the aging-promoting effect is ablated when the conditioned medium (CM) was heated to 56°C for 15 min[@b22]. This suggests that CCs accelerate oocyte aging by secreting soluble and heat-sensitive factors. Furthermore, Wu et al.[@b24] demonstrated that apoptotic CCs, in which extra-long BCL-2 interacting mediator of cell death (BIMEL) was up-regulated, accelerated porcine oocyte aging and degeneration *in vitro* via a paracrine manner. However, the oocyte aging-promoting factors involved in this process have yet to be characterized.

Fas ligand (FasL) is a type-II transmembrane protein that belongs to the tumor necrosis factor (TNF) family. Metalloproteinase mediated cleavage of transmembrane FasL results in the release of a soluble form (sFasL), which consists of the largest part of the extracellular domain of the FasL molecule[@b25][@b26][@b27]. Upon contact with FasL, cells expressing Fas undergo apoptosis rapidly by activating caspase-8 via Fas-Associated protein with a Death Domain (FADD)[@b28]. Fas-mediated apoptosis is a major pathway in the induction of apoptosis in various cells and tissues, which is important for both normal biological processes and pathological disorders[@b29][@b30][@b31][@b32]. In mice, expression of both *Fas* and *FasL* mRNA and their proteins were observed in granulosa cells of both normal and atretic follicles, but Fas was detected only in oocytes of atretic follicles[@b33]. In addition, Fas was expressed in immature bovine oocytes, whereas FasL was expressed in CCs[@b34][@b35]. Thus, reports on Fas expression in healthy oocytes remain to be verified. Furthermore, it is worthy of studying whether the Fas/FasL system plays any role in oocyte aging.

Mice homozygous for lpr (lymphoproliferation) or gld (generalized lymphoproliferative disease) develop lymphadenopathy and suffer from autoimmune disease. The lpr and gld are mutations in Fas and FasL, respectively[@b36]. The recombinant gld FasL expressed in COS cells could not induce apoptosis in cells expressing Fas. In reproduction, higher numbers of germ cells were found in fetal and postnatal ovaries of *Fas*-deficient mice than in age-matched wild-type mice[@b37]. As the mice aged, the ovarian size of lpr mice was much larger than that of wild-type mice due to increased numbers of ovarian follicles[@b38]. Further observations demonstrated that the apoptosis in wild-type mouse oocytes is achieved through the Fas receptor followed by the activation of caspase-3. In contrast, the aberrant expression and dysfunction of the mutant Fas receptor in lpr mouse oocytes were associated with an inability to activate caspase-3 and thus fail to induce nuclear DNA fragmentation[@b39]. However, effects of FasL (gld) mutations on oocytes have not been reported.

Based on the above-mentioned early studies, we proposed that accompanying oocye aging, CCs undergo apoptosis and the apoptotic CCs release sFasL that interact with Fas on oocytes to mediate oocyte aging, and that CCs from the gld mice with FasL mutations would not trigger oocyte aging due to their defective FasL. The objective of the present study was to test this hypothesis by using an *in vitro* aging system of oocytes as well as the oocytes from the gld mice with mutant FasL. As the apparent phenomenon of postovulatory-aged oocytes include impaired developmental potential[@b5][@b7][@b8][@b9][@b23], increased susceptibility to activating stimuli[@b40][@b41] and cytoplasmic fragmentation[@b42], we used pre-implantation developmental potential and activation susceptibility as markers for early oocyte aging and cytoplasmic fragmentation as a marker for advanced oocyte aging.

Results
=======

The Fas signaling pathway is active in aging oocytes
----------------------------------------------------

To study whether the Fas pathway is active in aging oocytes, COCs or CCs were cultured in regular CZB medium in the presence or absence of H~2~O~2~. At different times of the culture, the apoptotic rates in CCs, the sFasL concentrations in CM conditioned with CCs, and Fas receptors levels in oocytes were measured. When CCs smears stained with Hoechst 33342 were observed under a fluorescence microscope, apoptotic cells show pyknotic nuclei that were full of heterochromatin, whereas healthy cells exhibit normal nuclei with sparse heterochromatin spots ([Fig. 1A, B and C](#f1){ref-type="fig"}). Statistical analysis showed that both the apoptotic rates of CCs ([Fig. 1D](#f1){ref-type="fig"}) and the sFasL contents ([Fig. 1E](#f1){ref-type="fig"}) in CM conditioned with CCs increased significantly with culture time. At each time point of the culture, the presence of H~2~O~2~ further increased the apoptotic rates and sFasL secretion of the CCs. Immunohistochemical analysis revealed the expression of numerous Fas receptors on the aging oocytes ([Fig. 2A-D](#f2){ref-type="fig"}). Quantification indicated that up to 24 h of culture the contents of Fas receptors in the oocytes remained constant, but the Fas receptor levels decreased significantly at 36 h of the culture ([Fig. 2E](#f2){ref-type="fig"}). Western blot analysis revealed similar dynamics fluctuations of Fas receptors during oocyte aging ([Fig. 2F](#f2){ref-type="fig"}). These results suggested that CCs released sFasL in an apoptotic state-related manner; thus, the maximal release was observed at 36 h of culture, and the presence of H~2~O~2~ further increased the apoptotic rates and the sFasL secretion of CCs. Oocytes possessed stable numbers of Fas receptors up to 24 h of *in vitro* aging.

The sFasL released by apoptotic CCs impaired the developmental potential of aging oocytes
-----------------------------------------------------------------------------------------

Routine work in our laboratory shows that while ethanol treatment is a weak stimulus that activates only the aged oocytes, Sr^2+^ treatment activates both aged and freshly-ovulated oocytes effectively. However, parthenotes developed better after Sr^2+^ treatment than after ethanol activation. An experiment was thus conducted to select proper methods for evaluation of oocyte activation susceptibility and for assessment of oocyte developmental potential, respectively. Freshly ovulated DOs or COCs were aged in regular CZB medium for different times before activation treatment with ethanol or SrCl~2~. Regardless of the ages of oocytes, 93% to 97% of the DOs or COCs were activated following Sr^2+^ treatment, but only 7% of freshly ovulated oocytes and about 20% of DOs or 80% of COCs aged *in vitro* for 12 h were activated following ethanol activation ([Fig. 3](#f3){ref-type="fig"}). Thus, ethanol stimulus was used to evaluate the susceptibility of oocyte activation, and the Sr^2+^ stimulus was used to assess the development potential of oocytes in the present study.

To test whether the Fas/FasL system plays a role in oocyte aging, we observed the impacts of different CM on the developmental potential of the oocytes. Freshly ovulated DOs were aged for 12 h or 24 h in different CM before Sr^2+^ -triggered activation for embryo development. To prepare CM of different types, CZB was conditioned for 24 h with CCs that had been treated with or without H~2~O~2~, and some of the produced CM was heated to 56°C to test the heat sensitivity of the sFasL. Our results showed that the percentages of oocytes that developed to 4-cell or blastocyst stage were significantly lower after culture in CM than that in CZB medium ([Fig. 4](#f4){ref-type="fig"}). The CM produced from H~2~O~2~-treated CCs further reduced the developmental potential of aging oocytes. The heat treatment of CM significantly reduced its adverse effect on oocytes. Therefore, our results suggested that the sFasL released by apoptotic CCs induced oocyte aging and was heat-sensitive.

Supplement of aging-culture medium with sFasL impaired the developmental potential of aging oocytes
---------------------------------------------------------------------------------------------------

To further confirm that the apoptotic CCs promoted oocyte aging by releasing sFasL, freshly ovulated DOs were cultured for 12 or 24 h in CZB medium that was supplemented with different concentrations of recombinant sFasL before activation with Sr^2+^ for embryo development. When cultured for 12 h, the blastocyst rates decreased significantly with increasing concentrations of sFasL ([Fig. 5](#f5){ref-type="fig"}). However, the lowest blastocysts rate (about 15%) was not achieved until the supplemented sFasL was increased to 10 ng/ml, a concentration that was 30--50 times higher than that (0.2--0.3 ng/ml) contained in the CM that achieved the same low level of blastocyst rates following conditioning with H~2~O~2~-treated CCs for 24 h ([Fig. 4](#f4){ref-type="fig"}). When cultured for 24 h, although no blastocysts were observed, the percentages of activated oocytes that developed into 4-cell embryos decreased significantly with increasing sFasL concentrations, which reached the lowest level by 10 ng/ml of sFasL ([Fig. 5](#f5){ref-type="fig"}).

Effects of neutralizing antibodies against sFasL on the capacity of CM to induce oocyte aging
---------------------------------------------------------------------------------------------

To obtain further evidence that sFasL was the major factor in the CM that induced oocyte aging, CM conditioned for 24 h with H~2~O~2~-treated CCs was neutralized for 6 h at 37°C with different concentrations of FasL antibodies. Freshly ovulated DOs collected 13 h after hCG were aged for 12 or 24 h in the neutralized CM before Sr^2+^ activation for embryo development. Our results showed that the rates of blastocysts and 4-cell embryos increased with increasing concentrations of FasL antibodies ([Fig. 6](#f6){ref-type="fig"}), but the highest rates of blastocysts (32%) and 4-cell embryos (46%) obtained at 15 μg/ml were still significantly lower than the oocytes aged in CZB alone (39% and 59%, respectively). These results suggested that sFasL was the major factor in the CM that induced oocyte aging, and in addition to sFasL, the CM may also contain other factors that induced oocyte aging.

Effects of sFasL on the activation of aging oocytes
---------------------------------------------------

To determine the effects of sFasL in oocyte aging, the susceptibility of oocytes to activation reagents was observed. Newly ovulated DOs were aged for 12 h in CZB alone, CZB containing 10 ng/ml sFasL, CM conditioned with CCs, or CM conditioned with H~2~O~2~-treated CCs before ethanol treatment was applied for oocyte activation. The results showed that compared to only 21.5 ± 2.0% (n = 121) of the oocytes aged in CZB were activated, the activation rates increased significantly (*P* \< 0.05) to 38.3 ± 2.7% (n = 133), 34.3 ± 2.0 (n = 120), and 57.0 ± 1.2% (n = 120) in oocytes aged in CZB containing 10 ng/ml sFasL, in CCs-conditioned CM and in CM conditioned with H~2~O~2~-treated CCs, respectively. These results suggested that sFasL induced oocyte aging and CM, particularly CM conditioned with H~2~O~2~-treated CCs, was more effective than supplement with 10 ng/ml sFasL in inducing oocyte aging.

Effects of sFasL on cytoplasmic fragmentation of aging oocytes
--------------------------------------------------------------

To study the effects of sFasL in cytoplasmic fragmentation of aging oocytes, newly ovulated DOs were treated for 24 h in CZB alone, CZB containing 10 ng/ml sFasL, CM conditioned with CCs (CM), or CM conditioned with H~2~O~2~-treated CCs (CMO) before post-treatment aging in CZB alone. At different times of the post-treatment aging, oocytes were observed for fragmentation. Oocytes with a clear moderately granulate cytoplasm and an intact first polar body were considered to be un-fragmented ([Fig. 7A](#f7){ref-type="fig"}), and oocytes with more than two asymmetric cells were considered to be fragmented ([Fig. 7B-E](#f7){ref-type="fig"}). Statistical analysis showed that control oocytes that were pre-cultured in CZB alone began fragmentation at 12 h of post-treatment aging, and the fragmentation rates increased significantly thereafter ([Fig. 7F](#f7){ref-type="fig"}). Oocytes pre-cultured in CZB containing sFasL or in CM or CMO showed significantly higher fragmentation rates than the control oocytes at different times of post-treatment aging ([Fig. 7F](#f7){ref-type="fig"}). These results suggested that sFasL triggered cytoplasmic fragmentation of aging oocytes, and CM conditioned with H~2~O~2~-treated CCs exhibited a higher capacity of inducing oocyte fragmentation than supplement with 10 ng/ml sFasL.

Experiments using the gld mice lacking a functional FasL
--------------------------------------------------------

To further study the roles of the Fas system in mediating oocyte aging, we introduced the *FasL*-defective gld mice and performed two experiments. In the first experiment, COCs from wild-type or gld mice were aged for 6 h in regular CZB medium before ethanol treatment was applied for observation of activation. We found that about 70% of the COCs from wild-type mice were activated, but only 20% of the oocytes from gld mice were activated following ethanol treatment ([Fig. 8](#f8){ref-type="fig"}). In the second experiment, DOs from wild-type or gld mice were aged for 12 h in CM conditioned with H~2~O~2~-treated CCs from either wild-type or gld mice before ethanol treatment. When aged in CM conditioned with wild-type CCs, oocytes from both wild-type and gld mice showed activation rates of over 60% after the ethanol treatment ([Fig. 8](#f8){ref-type="fig"}). When aged in CM conditioned with gld CCs, however, both wild-type and gld oocytes showed low activation rates of about 30% following ethanol stimulation. These results suggested that CCs from the gld mice did not induce oocyte aging due to their defective FasL, this further confirms the role of the Fas/FasL pathway in facilitating oocyte aging.

Discussion
==========

The present study suggested that the Fas/FasL pathway was established in freshly ovulated MII mouse oocytes, while the oocyte expressed maximum numbers of Fas receptors, the CCs released sFasL. Dharma et al.[@b33] observed expression of both Fas and FasL mRNA and protein in granulosa cells of healthy and atretic follicles. However, although oocytes in atretic follicles showed intense expression of Fas, oocytes in healthy follicles did not show any Fas expression. Similarly, Guo et al.[@b43][@b44] reported that the expression of both Fas and FasL in mouse ovarian follicle was restricted in granulosa cells and no expression was observed in oocytes. The different reports on Fas expression in healthy oocytes may be caused by the different maturation stages of the oocytes or gonadotropin stimulation. For example, Mori et al.[@b45] observed positive expression of Fas in both intra-ovarian oocytes and hyper-ovulated eggs following eCG stimulation. According to Guo et al.[@b43][@b44], the highest level of *FasL* mRNA was observed in murine ovaries and granulosa cells 1 day after the administration of eCG, while the level of *FasL* mRNA became very weak at day 5. Furthermore, using the same immunohistochemical procedures for ovulated oocytes, we found that immature oocytes isolated from ovarian follicles of adult mice after eCG stimulation showed intense Fas expression, whereas Fas expression was almost undetectable in oocytes isolated from unstimulated prepubertal (17 days old) mice (data not shown).

In this study, when freshly ovulated oocytes were aged *in vitro* for different times, both the apoptotic rates of CCs and the amount of sFasL released by CCs increased significantly with the culture time, and the presence of H~2~O~2~ in culture medium further increased the apoptosis and sFasL production of CCs. This suggests that higher levels of sFasL were released by the CCs with their increasing degrees of apoptosis. Earlier studies have reported that co-incubation with human neutrophils that underwent spontaneous apoptosis significantly induced the apoptosis in A549 pulmonary adenocarcinoma cells via releasing sFasL[@b46]. The cisplatin-stimulated plaa (high) cells, which contained significantly higher levels of DNA fragmentation, caspase activities, PLA(2) enzyme activity, and cytochrome C leakage from mitochondria, displayed higher levels of phosphorylated JNK/c-Jun and FasL, as compared to plaa (low) cells that were treated the same way[@b47]. Also, oxidative stress induces the expression of Fas and FasL and apoptosis in murine intestinal epithelial cells[@b48]. Furthermore, oxidative stress and hypoxia/reoxygenation trigger CD95 (APO-1/Fas) ligand expression in microglial cells[@b49].

The present results showed that the level of Fas receptors on oocytes remained stable up to 24 h of *in vitro* aging. This suggested that up to 24 h of culture, the aging oocytes had sufficient amount of Fas receptors to interact with the increasing levels of sFasL to induce oocyte aging. The incubation of DOs in CCs-conditioned CZB or in CZB supplemented with recombinant sFasL showed that sFasL impaired the developmental competence of the oocytes but mediate the activation and fragmentation of the aging oocytes. Furthermore, by using the gld mice that carry mutations of FasL, the present work showed that the CCs from these mice did not trigger oocyte aging due to their defective FasL, confirming further the important role of the Fas system in facilitating oocyte aging. Co-culture with polymorphonuclear neutrophils in a trans-well system induced apoptosis in human alveolar epithelial (A549) cells[@b50], a process that was also mediated by sFasL[@b46]. Previous studies showed that oocyte aging led to apoptotic cell death. For example, the expression of anti-apoptotic protein BCL2 was gradually reduced during oocyte aging[@b23][@b51][@b52]. Fertilization-like Ca^2+^ responses induced by injection of sperm cytosolic factor triggered cell death, rather than activation, in aged oocytes. These oocytes exhibited not only extensive cytoplasmic and DNA fragmentation, but also a prominent decreased Bcl-2 and activated caspases[@b42][@b51][@b53]. Taken together, the current study has provided evidence that CCs of aging oocytes release sFasL that accelerates oocyte aging through binding to Fas receptors.

In the present study, the CM conditioned for 24 h with H~2~O~2~-treated CCs containing about 30--50 folds less sFasL showed the same or even higher capacity of inducing oocyte aging than supplementation with 10 ng/ml sFasL. Naturally processed and recombinant sFasL were found to induce apoptosis in mouse somatic cells at a concentration of 10 ng/ml[@b25][@b26][@b54][@b55]. Why is such a large amount of the recombinant sFasL required to induce apoptosis? It is known that an uncharacterized metalloproteinase cleaves the 40-kD membrane-bound FasL to generate the 26--29 kD-soluble fragment[@b26][@b54] and that aggregated or membrane-bound FasL was much more active than the trimeric sFasL. For example, the apoptosis-inducing activity of processed sFasL after its purification and removal of residual membrane-bound FasL by Triton X-114 extraction was marginal[@b56]. Recombinant sFasL that is of similar length to the naturally processed form was equally inactive.

Then, why supernatants of cells expressing FasL were so pro-apoptotic? One well-described example is the highly apoptotic supernatant of Neuro-2a cells transfected with murine FasL[@b57], which induces apoptosis in human Jurkat or mouse A20 cells at concentrations as low as 1 ng/ml. Western blot analysis revealed that the FasL detected in these supernatants was not the processed sFasL, but was the membrane-bound, unprocessed form[@b56]. According to Schneider et al.[@b56], it is likely that Neuro-2a cells express little or no processing proteases, and that membrane fragments or vesicles containing the membrane-bound FasL are released into the supernatant. Thus, the present results suggest that FasL released by apoptotic CCs are mainly membrane-bound FasL released as membrane fragments or vesicles. Another possibility for the high efficiency of CM to induce oocyte aging is that in addition to sFasL, the apoptotic CCs might secrete other proteins that mediate oocyte aging as well. Our FasL antibody neutralization test, which showed that the highest blastocysts rates obtained following maximum neutralization of CM with FasL antibodies were still significantly lower than oocytes aged in CZB alone, confirmed this expectation. The soluble tumor necrosis factor (TNF)-related apoptosis-inducing ligand (sTRAIL), another member of the TNF ligand family, has been reported in granulosa cells of porcine[@b58] and human ovaries[@b59], and high level of TRAIL was expressed in CCs from diabetic mice that showed more apoptotic follicles compared to controls, suggesting that this apoptotic pathway is up-regulated in oocytes under hyperglycemic stress[@b60].

In summary, we propose that CCs surrounding aging oocytes released sFasL in an apoptosis-related manner, and the released sFasL accelerated oocyte aging by binding to Fas receptors. We believe that our data are important for understanding the mechanisms not only for oocyte aging but also for the Fas/FasL signaling. Further studies on how sFasL promotes oocyte activation would provide novel insights into the mechanisms by which Fas signaling regulates cell cycle and apoptosis. In addition, the present results indicated that oocyte aging without H~2~O~2~ treatment also led to CCs apoptosis and production of sFasL, which induced oocyte aging through binding to Fas receptors. Thus, the knowledge from this study may also have clinical implications for assisted-reproduction techniques because it may improve the *in vitro* treatment of mature oocytes. For example, protocols maybe developed or improved to prevent oocyte aging *in vitro* through inhibiting CCs apoptosis or by preserving DOs before fertilization or other manipulations *in vitro*.

Methods
=======

Chemicals and reagents used in the present study were purchased from Sigma Chemical Co. unless otherwise specified.

Oocyte recovery
---------------

Mice for most of the experiments in this study are the Kunming breed, which were bred in our laboratory. The gld mice with a germline mutation F273L in FasL in a C57BL/6J genomic background were obtained from the Key Laboratory of Stem Cell Biology, Shanghai Institute for Biological Sciences, China. Wild-type C57BL/6J mice were purchased from Shandong University Center for Laboratory Animals. The mice were kept in a room under a 14L:10D photoperiod, with lights-off at 20:00 h. All procedures for mouse care and use were conducted in accordance with the guidelines and approved by the Animal Research Committee of the Shandong Agricultural University, P. R. China (Permit number: 20010510).

Young adult female mice (6--8 weeks of age) were superovulated with 10 IU equine chorionic gonadotropin (eCG, i.p.) that was followed by 10 IU human chorionic gonadotropin (hCG, i.p.) 48 h later. Both eCG and hCG were purchased from Ningbo Hormone Product Co., Ltd., China. The superovulated mice were sacrificed 13 h after hCG injection, and the COCs were recovered from the oviducts. After dispersing and washing three times in M2 medium, some of the COCs were denuded of cumulus cells by pipetting with a thin pipette in a drop of M2 medium containing 0.1% hyaluronidase to prepare cumulus-denuded oocytes (DOs).

Preparation of CCs and conditioned media (CM)
---------------------------------------------

To prepare regular CCs, the CCs isolated during the preparation of DOs were washed twice by centrifugation (200 × g, 5 min each) in regular CZB medium (NaCl, 81.62 mM; KCl, 4.83 mM; KH~2~PO~4~, 1.18 mM; MgSO~4~, 1.18 mM; NaHCO~3~, 25.12 mM; CaCl~2~·2H~2~O, 1.7 mM; sodium lactate, 31.3 mM; sodium pyruvate, 0.27 mM; EDTA, 0.11 mM; glutamine, 1 mM; bovine serum albumin, 5 g/L; penicillin, 0.06 g/L; streptomycin, 0.05 g/L). The pellets were then resuspended in a proper volume of CZB to obtain a final CCs suspension of 5--8 × 10^5^ cells/ml. To prepare H~2~O~2~-treated CCs, the CCs pellets were resuspended in CZB medium containing 200 μM H~2~O~2~, and the cell suspension was added to a 96-well culture plate (200 μl per well) and incubated at 37.5°C for 24 h in a humidified atmosphere containing 5% CO~2~. At the end of the treatment, CCs were harvested and washed by centrifugation and the pellets were resuspended with regular CZB before being used for medium conditioning.

To prepare CM, regular or H~2~O~2~-treated CCs were cultured in regular CZB medium (200 μl per well) for 24 h. At the end of culture, the culture medium was aspirated from the wells and centrifuged at 300 × g for 5 min to remove cells and debris. The CM obtained was frozen at −80°C until use. Before use, some of the CM was heated to 56°C for 10 min to denature the oocyte aging-promoting factors. To neutralize the sFasL in CM, anti-FasL antibodies (Abcam) were added to CM at different concentrations and incubated at 37.5°C for 6 h.

*In vitro* aging of oocytes
---------------------------

For *in vitro* aging, COCs or DOs were cultured in regular CZB medium or CM for different times. Briefly, CZB or CM was placed in wells of a 96-well culture plate (100 μl per well). About 30 COCs or DOs were transferred to each well, covered with mineral oil, and cultured for different times at 37.5°C under 5% CO~2~ in humidified air. To study the effect of recombinant sFasL, a stock solution of recombinant mouse sFasL (100 μg/ml) was prepared by dissolving the recombinant sFasL (R&D System) in sterile PBS containing 0.1% bovine serum albumin. The stock solution prepared was stored at −20°C until use. The recombinant mouse sFasL was added to CZB medium at different concentrations.

Assessment of CCs apoptosis
---------------------------

The CCs obtained from COCs or recovered from cell culture were separated by centrifugation (200 × g, 5 min at room temperature). The CCs pellets were resuspended in 50 μl of M2 medium supplemented with 0.01 mg/ml of Hoechst 33342 and stained in the dark for 5 min. The stained cells were then centrifuged for 5 min at 200 × g. After removal of approximately half the supernatant, a 5-μl drop of suspension was smeared on a slide and observed under a Leica DMLB fluorescence microscope (400×). Six to eight fields were randomly examined on each smear, and the percentages of apoptotic cells were calculated from 60--80 cells observed in each field. All images were reviewed by 2 investigators in a double blind manner.

Enzyme-linked immunosorbent assay (ELISA) for sFasL
---------------------------------------------------

To measure sFasL contents in the culture medium, ELISA was conducted using a Mouse Factor Related Apoptosis Ligand (FASL) Elisa kit (BLUE GENE, Shanghai, China). Briefly, 50 μl of standards or samples were added in duplicate to wells of a micro-titer plate pre-coated with mouse monoclonal antibodies, then 50 μl of Conjugate was added to each well and incubated for 60 min at 37°C. After the micro-titer plate was washed using the wash solution and dried using paper towels, 50 μl of Substrates A and 50 μl of Substrates B were added to each well and incubated for 15 min at 25°C. The optical density was measured at 450 nm using a plate reader (BioTek-ELx808, BioTek Instruments, Inc.) within 15 min after the reaction was terminated by 50 μl of Stop Solution. The concentrations of FasL in the culture medium were calculated according to the standard curves.

Immunofluorescence microscopy
-----------------------------

All the procedures were performed at room temperature unless otherwise specified. Cumulus-free oocytes were washed 3 times in M2 medium between treatments. Oocytes were (i) fixed with 3.7% paraformaldehyde in PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA and 4 mM MgSO~4~, pH 7.0) for at least 30 min, followed by treatment with 0.25% protease in M2 for 1 to 2 seconds to remove zona pellucida; (ii) permeabilized with 0.1% Triton X-100 in PHEM for 5 min; (iii) blocked in PHEM containing 3% BSA for 1 h; (iv) incubated at 4°C overnight with mouse monoclonal anti-Fas (IgG, 1:200, Abcam) in 3% BSA in M2 medium; (v) incubated for 1 h with Cy3-conjugated goat-anti-rabbit IgG (1:800, Jackson ImmunoResearch) in 3% BSA in M2; (vi) incubated for 10 min with 10 μg/ml Hoechst 33342 in M2. Negative control samples in which the primary antibody was omitted were also processed. The stained oocytes were mounted on glass slides and observed with a Leica laser scanning confocal microscope (TCS SP2). Helium/neon (He/Ne; 543 nm) lasers were used to excite Cy3, fluorescence was detected with bandpass emission filter (560--605 nm), and the captured signals were recorded as red. The relative content of Fas was quantified by measuring the fluorescence intensities. For each experimental series, all high-resolution z-stack images were acquired with identical settings. The relative intensities were measured on the raw images using Image-Pro Plus software (Media Cybernetics Inc., Silver Spring, MD) under fixed thresholds across all slides.

Western blot analysis
---------------------

Two hundred DOs were placed in a 1.5 ml microfuge tube containing 20 μl sample buffer (20 mM Hepes, 100 mM KCl, 5 mM MgCl~2~, 2 mM DTT, 0.3 mM PMSF, 3 mg/ml leupetin, pH 7.5) and frozen at −80°C until use. For running the gel, 5 μl of 5× SDS-PAGE loading buffer was added to each tube and the tubes were heated at 100°C for 5 min. The samples were separated on a 12% SDS-PAGE and transferred onto PVDF membranes. The membranes were washed twice in TBST (150 mM NaCl, 2 mM KCl, 25 mM Tris, 0.05% Tween-20, pH 7.4) and blocked with TBST containing 3% BSA at room temperature for 1--1.5 h. The membranes were then incubated at 4°C overnight with primary antibodies at a dilution of 1:1000 in 3% BSA-TBST. After being washed three times in TBST (5 min each), the membranes were incubated for 1 h at 37°C with second antibodies diluted to 1:1000 in 3% BSA-TBST. After three washings in TBST, the membranes were detected by a BCIP/NBT alkaline phosphatase color development kit (Beyotime Institute of Biotechnology, China). The relative quantities of proteins were determined with Image J software by analyzing the sum density of each protein band image. The values of freshly-ovulated oocytes were set as 100% and the other values were expressed relative to this quantity. β-tubulin was used as internal controls. The primary antibodies used included rabbit polyclonal to Fas (Abcam, ab82419) and mouse anti-β-tubulin (Merck Millipore, 05-661). The secondary antibodies included goat anti-rabbit IgG AP conjugated (CWBIO, cw0111) and goat anti-mouse IgG AP conjugated (CWBIO, cw0110).

Activation of oocytes
---------------------

In this study, ethanol stimulus was used to evaluate oocyte activation susceptibility, and the Sr^2+^ stimulus was used to assess the developmental potential of oocytes. For ethanol activation, oocytes were first treated with 5% (v/v) ethanol in M2 medium for 5 min at room temperature, then washed three times, and cultured in regular CZB medium containing 2 mM 6-dimethylaminopurine for 6 h at 37.5°C in a humidified atmosphere containing 5% CO~2~ in air. The activating medium used for Sr^2+^ activation was Ca^2+^-free CZB supplemented with 10 mM SrCl~2~ and 5 μg/ml cytochalasin B. After washing twice in M2 medium and once in the activating medium, the oocytes were incubated in the activating medium for 6 h. At the end of the activation culture, oocytes were examined under a microscope for activation. Only those oocytes that had one or two pronuclei, or two cells each having a nucleus, were considered activated.

Embryo culture
--------------

Activated oocytes were cultured for 4 days in regular CZB medium (about 30 oocytes in a 100 μl drop) at 37.5°C under humidified atmosphere containing 5% CO~2~ in air. Glucose (5.55 mM) was added to CZB medium when the embryos were cultured beyond 3- or 4-cell stages.

Assessment of oocyte fragmentation
----------------------------------

At different times of the culture, DOs were examined under a phase contrast microscope for morphological feature. Oocytes with a clear moderately granulate cytoplasm and an intact first polar body were considered un-fragmented. Oocytes with more than two asymmetric cells were considered fragmented.

Data analysis
-------------

At least three replicates were used for each treatment. Percentage data were arcsine transformed and analyzed with ANOVA; a Duncan multiple comparison test was used to locate differences. The software used was the Statistics Package for Social Science (SPSS, Inc.). Data were expressed as the mean ± SEM, and *P* \< 0.05 was considered to be significant.
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![Effects of culture time and H~2~O~2~ on the apoptosis and sFasL release of CCs.\
CCs were cultured in regular CZB medium in the presence (+) or absence (−) of H~2~O~2~. At different times of the culture, the apoptotic rates in the CCs and the concentrations of sFasL in the CM were measured. Micrographs A, B and C show CCs smears stained with Hoechst 33342 and observed under a fluorescence microscope. The heterochromatin was heavily stained with Hoechst and gave bright fluorescence. Whereas the apoptotic cells showed pyknotic nuclei full of heterochromatin, healthy cells showed normal nuclei with sparse heterochromatin spots. Smears A, B and C show CCs collected at 0 h and 24 h of aging culture without or with H~2~O~2~, displaying approximately 20%, 75%, and 95% apoptotic cells, respectively. Original magnification ×400. Graphs D and E show the percentages of apoptotic CCs and levels of sFasL released by CCs after different treatments, respectively. Each treatment was repeated more than 3 times with each replicate containing 30 oocytes. a--e: Values without a common letter above their bars differ significantly (*P* \< 0.05).](srep08683-f1){#f1}

![Levels of Fas receptor in aging oocytes.\
COCs were cultured in CZB medium for different times before examination for Fas localiztion and quantification by immunocytochemistry or Western blot analysis. A, B, C and D are confocal micrographs (original magnification ×400) showing Fas localization in oocytes that have aged for 0, 12, 24 and 36 h, respectively. E is a graph showing Fas quantification by immunocytochemistry in oocytes aged *in vitro* for different times. Each treatment was repeated 3--4 times with each replicate containing about 30 oocytes. F is a graph showing Fas levels by Western blot in oocytes aged for different times. β-tub: β-tubulin. a,b: Values with different letters above their bars differ significantly (*P* \< 0.05).](srep08683-f2){#f2}

![Oocyte activation following ethanol or SrCl~2~ treatment in DOs or COCs that had been aged in regular CZB medium for 0, 6 or 12 h.\
Each treatment was repeated 3--4 times with each replicate containing about 30 oocytes. a--e: Values without a common letter above their bars differ significantly (*P* \< 0.05).](srep08683-f3){#f3}

![Development of Sr^2+^ activated embryos after mouse DOs collected 13 h post hCG were cultured for 12 h or 24 h in regular CZB or in different CM.\
To prepare CM, CZB was conditioned for 24 h with CCs that had been treated with (CMO) or without H~2~O~2~ (CM), and some of the CM collected was heated to 56°C to test the heat sensitivity of the aging-facilitating factor (CMH and CMOH). Each treatment was repeated more than 3 times with each replicate containing about 30 oocytes. a--f: Values without a common letter above their bars differ significantly (*P* \< 0.05).](srep08683-f4){#f4}

![Development of Sr^2+^-activated embryos after mouse DOs collected 13 h post hCG were cultured for 12 h or 24 h in CZB medium containing different concentrations of sFasL.\
Each treatment was repeated more than 3 times with each replicate containing 30 oocytes. a--d: Values without a common letter above their bars differ significantly (*P* \< 0.05).](srep08683-f5){#f5}

![Effects of FasL antibodies containing CM on the development of Sr^2+^-activated oocytes.\
CM conditioned for 24 h with H~2~O~2~-treated CCs was neutralized for 6 h at 37°C with different concentrations of FasL antibodies. DOs collected 13 h post hCG were aged for 12 h or 24 h in the neutralized CM before Sr^2+^ activation was applied. Each treatment was repeated 3--4 times with each replicate containing about 30 oocytes. a--d: Values without a common letter above their bars differ significantly (*P* \< 0.05).](srep08683-f6){#f6}

![Fragmentation of aging oocytes.\
DOs collected 13 h post hCG were cultured for 24 h in CZB alone, CZB with 10 ng/ml sFasL, CM conditioned for 24 h with CCs (CM) or H~2~O~2~-treated CCs (CMO) before post-treatment aging in CZB alone. At different times of the post-treatment aging, oocytes were observed for fragmentation. Photographs A--E show aged oocytes with different fragmenting patterns. F is graph showing percentages of fragmented oocytes at different times of post-treatment aging. Each treatment was repeated 3--4 times with each replicate containing about 30 oocytes. a--c: Values without a common letter above their bars differ significantly (P \< 0.05) within time points of post-treatment aging.](srep08683-f7){#f7}

![Ethanol-activation rates of oocytes collected from wild-type or gld mice.\
The oocytes were collected at 13 h post hCG injection and were cultured for 6 h as COCs in CZB medium, or for 12 h as DOs in CM prepared with wild-type or gld CCs. Each treatment was repeated 3 times with each replicate containing about 25 oocytes. a--b: Values with different letters in their bars differ significantly (*P* \< 0.05).](srep08683-f8){#f8}
